Enterobacter sakazakii is an emerging, infant formula-borne pathogen that causes severe meningitis, meningoencephalitis, sepsis, and necrotizing enterocolitis in neonates and infants, with a high fatality rate. Traditional detection methods take up to 7 days to identify E. sakazakii. The outer membrane protein A gene (ompA), along with its flanking sequences from E. sakazakii (ATCC 51329), was cloned in the pGEM-T Easy vector and sequenced. Comparison of the nucleotide and deduced amino acid sequences of the ompA gene with other sequences available in the GenBank database revealed a high degree of homology with ompA genes of other gram-negative bacteria belonging to the Enterobacteriaceae. Based on regions of the ompA gene unique to E. sakazakii, two primers were synthesized to develop and optimize an E. sakazakii-specific PCR. The PCR amplified a 469-bp DNA product from all E. sakazakii strains tested but not from other bacteria. Experiments to determine the sensitivity of the PCR indicated that it could detect as few as 10 3 CFU/ml of E. sakazakii bacteria in infant formula directly and 10 ؊1 CFU/ml after an 8-h enrichment step. We conclude that this PCR, combined with enrichment culturing, has the potential to be used as a rapid tool for detecting the presence of E. sakazakii in infant formula.
mula are time consuming and labor intensive, taking up to 7 days for results (21) . Identification of E. sakazakii by these methods relies on the pigment production and biochemical profile of isolates and is often hampered by false-negative results in the presence of other, related organisms (4) . Molecular methods such as PCR provide powerful tools for rapid, specific, and sensitive detection of food-borne pathogens and are considered reliable alternatives to traditional bacteriological methods (13, 18) . One of the recommendations of the joint FAO/WHO workshop on E. sakazakii and other microorganisms in powdered infant formula conducted in 2004 was to promote the use of internationally validated detection and molecular typing methods for identifying E. sakazakii (27) .
In this study, we report the identification and molecular cloning of the gene encoding outer membrane protein A (OmpA) in E. sakazakii and development of a PCR based on the ompA gene sequence for specific identification of E. sakazakii in pure cultures as well as in reconstituted infant formula.
MATERIALS AND METHODS
Bacterial media and cultures. The various bacterial strains used in the study and their respective sources are listed in Table 1 . A total of 17 isolates of E. sakazakii, including clinical and infant formula isolates, were used to study the specificity of the primers used in PCR. As negative controls, 51 strains of common species of Enterobacteriaceae and meningitis-causing and infant formulacontaminating bacteria were included. All bacteriological media used in the study were purchased from Difco (Sparks, Md.). The cultures were maintained in tryptic soy broth (TSB) containing 15% glycerol at Ϫ20°C and were streaked on tryptic soy agar plates before the experiment. The purity of each culture was confirmed by biotyping (API 20E; bioMérieux, Marcy l'Etoile, France).
Preparation of genomic DNA. Genomic DNA from gram-negative bacteria was extracted with the AquaPure genomic DNA extraction kit (Bio-Rad, Hercules, Calif.). DNA was extracted from 1 ml of overnight-grown cultures in TSB and reconstituted in 100 l of DNA hydration buffer. Genomic DNA from gram-positive bacteria was extracted by the miniprep method described by Wil-son (26) . The concentration and purity of the DNA samples were estimated spectrophotometrically, and the samples were stored at Ϫ20°C until use.
Cloning and sequencing of the ompA gene from E. sakazakii. The genetic organization of the ompA gene and its flanking genes, ycbG and sulA, is highly conserved among Escherichia coli, Salmonella, and Shigella spp. Based on the E. coli sequence information available in the GenBank database, primers ESLOCF and ESLOCR (Table 2) were designed and synthesized (Integrated DNA Technologies, Coralville, Iowa) to amplify a 2,047-bp DNA fragment from E. sakazakii ATCC 51329. The PCR mix consisted of 1ϫ Easy-A reaction buffer containing 2 mM MgCl 2 , 200 M (each) deoxynucleoside triphosphate (dNTP), 1 M (each) primer, 2.5 U of Easy-A high-fidelity PCR cloning enzyme (Stratagene, La Jolla, Calif.), 50 ng of template DNA, and sterile, deionized water to make the volume up to 50 l. PCR was carried out in a programmable thermocycler (PTC 100; MJ Research, Waltham, Mass.) under the following conditions. The PCR product was purified with the QIAquick PCR purification kit (QIAGEN, Valencia, Calif.) and cloned into the pGEM-T Easy cloning vector (Promega, Madison, Wis.) by the TA cloning strategy, according to the manufacturer's protocol. The cloned product was sequenced by primer walking using automated fluorescent dye terminator sequencing on ABI Prism 3730xl sequencers (SeqWright, Houston, Tex.). The sequences of the primers used for primer walking are provided in Table 2 . The sequences generated were analyzed by Sequencher 4.1.4 (Gene Codes Corporation, Ann Arbor, Mich.), BPROM (http: //www.softberry.com), SignalP (http://www.cbs.dtu.dk/services/SignalP), ClustalW (EMBnet), and Blastn (NCBI).
Internal amplification control for E. sakazakii-specific PCR. An internal amplification control (IAC) was designed to be included as a positive control in every reaction mixture, to ensure that a negative result would be due to the absence of target sequences rather than to inhibition of the PCR (6). The IAC target DNA consisted of a 618-bp fragment of the pGEM-T Easy vector flanked by the target sequences of the ESSF and ESSR primers. The IAC target DNA was PCR amplified from pGEM-T Easy with primers IAC1F and IAC1R ( Table  2 ). The PCR mix consisted of 1ϫ Easy-A reaction buffer containing 2 mM MgCl 2 , 200 M (each) dNTP, 1 M (each) primer, 2.5 U of Easy-A high-fidelity PCR cloning enzyme, 25 ng of template DNA, and sterile, deionized water to make the volume up to 50 l. The samples were subjected to PCR with a program that consisted of an initial denaturation at 94°C for 2 min, followed by 94°C for 15 s, 60°C for 15 s, and 72°C for 30 s for 30 cycles, and a final extension at 72°C for 5 min. The amplicons were detected by 1% agarose gel electrophoresis and ethidium bromide (0.5 g/ml) staining. The PCR product was then purified with the QIAquick PCR purification kit, its concentration was estimated spectrophotometrically, and it was cloned into the pGEM-T Easy cloning vector and transformed into JM109 cells. Transformed JM109 cells carrying the recombinant plasmid were selected by blue-white selection. Recombinant plasmid carrying the IAC template sequence was extracted with the QIAprep Spin Miniprep kit (QIAGEN), linearized by digestion with SalI (New England Biolabs, Beverly, Mass.), and purified with the QIAquick PCR purification kit. The concentration of the IAC plasmid was estimated spectrophotometrically, and serial dilutions were made in 10 mM Tris-HCl (pH 8.5). The concentration of IAC plasmid to be added to PCR mixtures was optimized from the different template preparations used in the individual experiments to allow efficient amplification of the E. sakazakii-specific PCR product.
Primers for E. sakazakii-specific PCR. Based on the sequence data generated and the results of the BLAST analysis, primers ESSF and ESSR (Table 2) were designed to amplify a 469-bp fragment of the ompA gene specific to E. sakazakii. The PCR mix consisted of 1ϫ Gene Amp PCR buffer II (50 mM potassium chloride and 10 mM Tris-HCl, pH 8.3), 2.5 mM MgCl 2 , 200 M (each) dNTP, 1 M (each) primer, 1 U of AmpliTaq DNA polymerase (Applied Biosystems, Foster City, Calif.), 50 ng of template DNA, 2 fg (corresponding to approximately 500 copies) of IAC template, and sterile, deionized water to make the volume up to 50 l. The samples were subjected to PCR with a program that consisted of denaturation at 94°C for 2 min followed by 30 cycles of 94°C for 15 s, 60°C for 15 s, and 72°C for 30 s, and a final extension at 72°C for 5 min. A 5-l aliquot of the amplified product was characterized by electrophoresis on a 1.5% agarose gel, as described above.
Sensitivity of E. sakazakii detection. E. sakazakii ATCC 51329 was cultured in 10 ml of TSB for 8 h at 37°C, and serial 10-fold dilutions were made in sterile, deionized water. One-milliliter aliquots of each dilution were transferred to 1.5-ml microcentrifuge tubes, boiled at 100°C in a heating block for 10 min, and centrifuged in a tabletop microcentrifuge (Marathon 16KM; Fisher scientific, Pittsburgh, Pa.) at 1,500 ϫ g for 30 s. A 10-l aliquot of each dilution containing 10 8 , 10 7 , 10 6 , 10 5 , 10 4 , 10 3 , 10 2 , 10 1 , or 10 0 CFU/ml was used as a template in a reaction mix containing 1ϫ Gene Amp PCR buffer II, 2.5 mM MgCl 2 , 200 M (each) dNTP, 1 M (each) primer, 2 U of AmpliTaq DNA polymerase (Applied Biosystems, Foster City, Calif.), 0.2 fg (corresponding to approximately 50 copies) of IAC template, and sterile, deionized water to make the volume up to 50 l. Amplification was carried out for 50 cycles under the same cycling conditions as described for PCR using genomic DNA as the template. A 10-l volume of the amplified product was characterized by electrophoresis on a 1.5% agarose gel, as described above.
Detection of E. sakazakii in infant formula. Three commercially available brands of powdered infant formula were used in this study. The infant formulas were reconstituted by mixing 1-g aliquots in 8 ml of sterile distilled water in 15-ml Falcon tubes (BD, Franklin Lakes, N.J.). Serial 10-fold dilutions of E. sakazakii (ATCC 51329) culture were made in sterile distilled water, and 1-ml volumes were added to 9 ml of reconstituted formula to obtain final concentrations of E. sakazakii ranging from 10 8 to 10 Ϫ2 CFU/ml. The samples were subjected to PCR directly or after an 8-h enrichment step at 37°C. One-milliliter aliquots of the formula samples were centrifuged at 16,000 ϫ g for 10 min, and the pellets were resuspended in 1 ml of sterile distilled water. The samples were boiled in a heating block for 10 min and centrifuged at 1,500 ϫ g for 30 s, and 10 l of the supernatant was used as a template in PCR for 50 cycles. The PCR and electrophoresis conditions were the same as those described for PCR using E. sakazakii cells resuspended in deionized water.
Detection of E. sakazakii by PCR in the presence of S. enterica serovar Typhimurium. To investigate whether the presence of other bacteria along with E. sakazakii in the infant formula would have any influence on the sensitivity of the PCR, we used formula samples containing different levels of E. sakazakii and Salmonella enterica serovar Typhimurium as a template for PCR. In one set of experiments, 10-ml aliquots of reconstituted infant formula samples containing E. sakazakii 51329 at levels ranging from 10 8 to 10 1 CFU/ml were inoculated with serovar Typhimurium DT 104 at 10 8 CFU/ml. In another set of experiments, infant formula containing 10 3 CFU/ml of E. sakazakii 51329 were inoculated with serovar Typhimurium DT 104 at levels ranging from 10 8 to 10 1 CFU/ml. Onemilliliter aliquots were taken from each sample and processed as described above for use as a template for PCR.
Nucleotide sequence accession number. The nucleotide sequence of ompA of E. sakazakii ATCC 51329 has been deposited in the GenBank database under accession number DQ000206.
RESULTS
ompA gene sequence analysis. A 2,047-bp fragment of E. sakazakii chromosomal DNA encompassing the ompA gene and its flanking sequences was amplified with primers complementary to the regions conserved in E. coli, Salmonella, and Shigella spp. The putative open reading frame (ORF), as predicted by the ORF Finder (NCBI), was 1,077 bp long, extending from base 361 to base 1437 of the cloned fragment. However, a BLAST search and alignment of the predicted ORF with other sequences in the GenBank database indicated that translation from the start codon ATG at position 394 could be more likely to occur, resulting in an ORF of 1,044 bp. Alignment and sequence comparison of the complete ompA sequence (1,044 bp) from E. sakazakii 51329 with that of E. coli K-12 (1,041 bp) revealed a sequence identity of 86%. We also compared the deduced amino acid sequence of the E. sakazakii OmpA protein with that of E. coli K-12. The proteins were found to have an identity of 89% and a sequence conservation of 94% at the amino acid level. Similarly, the ompA gene of E. sakazakii had sequence identities of 86% and 88% at the nucleic acid and amino acid levels, respectively, with Enterobacter aerogenes, 87% and 90% with serovar Typhimurium, and 85% and 88% with Shigella flexneri, respectively. An NCBI conserveddomain search of the deduced protein revealed the presence of a conserved ompA-like, N-terminal, eight-stranded, beta barrel transmembrane domain and a C-terminal ompA domain. A signal peptide cleavage site prediction analysis revealed a 21-amino-acid N-terminal signal sequence similar to those in E. coli, E. aerogenes, S. flexneri, and S. enterica serovar Typhi. A multiple alignment of the amino acid sequences is shown in Fig. 1 .
A partial ORF in the Ϫ2 frame was also detected between bases 2047 and 1660, with the stop codon at 1660. BLAST analysis of this ORF revealed high sequence identities with ycbG of E. coli K-12, S. flexneri (79%), and serovar Typhi- Development of E. sakazakii-specific PCR. The primer pair ESSF and ESSR was designed based on the nucleotide sequence of ompA and its flanking regions determined in this study. Primer ESSF was complementary to a region between the promoter and transcription start site of ompA, whereas ESSR was complementary to an internal region less conserved among species within the Enterobacteriaceae. Primer pair ESSF-ESSR was used to amplify the target genomic DNA sequence from 17 strains of E. sakazakii and 51 strains of other gram-negative and -positive bacteria. All of the E. sakazakii strains yielded the expected product of 469 bp, and none of the other strains tested amplified this product (Fig. 2) . However, all of the negative control strains used amplified the 618-bp IAC product, ruling out false-negatives due to PCR inhibition. The detection limit of the PCR, when applied to E. sakazakii 51329 cells suspended in sterile deionized water, was found to be 10 2 CFU/ml after 50 cycles of amplification (Fig. 3) .
Detection of E. sakazakii in reconstituted infant formula. Direct amplification of infant formula samples spiked with E. sakazakii was found to detect as few as 10 3 CFU/ml of infant formula after 50 cycles of amplification (Fig. 4) . Incorporation of an enrichment step before amplification was found to enhance the sensitivity of the PCR. Enrichment for 4 h was found to increase the sensitivity of E. sakazakii detection to 10 1 CFU/ml (data not shown). PCR carried out after 8 h of enrichment was able to detect 10 Ϫ1 CFU of E. sakazakii/ml of reconstituted infant formula, which is equivalent to 1 CFU/g of powdered infant formula (Fig. 5) . In samples containing E. sakazakii at levels below the detection limit of the PCR, amplification of the IAC product alone was observed (Fig. 4 and 5) .
Detection of E. sakazakii in the presence of S. enterica serovar Typhimurium. The presence of serovar Typhimurium did not affect the sensitivity and specificity of the PCR for detecting E. sakazakii in infant formula. In the presence of 10 8 CFU/ml of serovar Typhimurium DT 104, the target ompA (Fig. 6A, lanes 1 to 6) . However, samples containing 10 2 and 10 1 CFU/ml of E. sakazakii and negative control samples (infant formula with 10 8 CFU/ml of serovar Typhimurium but no E. sakazakii) yielded only the IAC product; no amplification of the 469-bp ompA product was observed in these samples (Fig.  6A, lanes 7 to 9) . Amplification of the target ompA sequence as well as the IAC product was observed in all of the formula samples containing 10 3 CFU/ml of E. sakazakii 51329 in the presence of 10 8 to 10 1 CFU/ml of serovar Typhimurium (Fig.  6B, lanes 1 to 8) , whereas the negative control sample amplified the IAC product alone (Fig. 6B, lane 9) .
DISCUSSION
In this study, we cloned and sequenced the ompA homologue of E. sakazakii. An analysis of the genomic sequences of members of the Enterobacteriaceae available in the GenBank database, such as E. coli, Salmonella spp., S. flexneri, and Erwinia carotovora, revealed that the orientation of the ompA gene is highly conserved within the genome, located between sulA, encoding a cell division inhibitor, and ycbG, encoding a hypothetical protein. Based on the results of multiple sequence alignments, we identified regions of sulA and ycbG that are conserved among these bacteria, and primers were designed to amplify an approximately 2,047-bp region encompassing the ompA gene from the E. sakazakii 51329 genome. Over all, ompA of E. sakazakii was found to be highly related (85 to 90% sequence conservation at the nucleic acid and amino acid levels) to ompA orthologues from other Enterobacteriaceae. Being a highly conserved structural membrane protein, this high level of sequence conservation was expected. However, a BLAST search of the E. sakazakii ompA sequence with other GenBank sequences identified regions specific to E. sakazakii, thereby yielding primers for amplification of a specific DNA fragment by PCR.
The primary goal of this study was to develop a PCR assay for rapid and specific detection of E. sakazakii from infant formula samples. The currently approved procedure for detection of E. sakazakii contamination of infant formula is laborious, taking up to 7 days for completion (21) . However, even with the additional enrichment step, the PCR developed in this FIG. 5 . Detection of E. sakazakii in reconstituted infant formula by PCR after an enrichment step of 8 h. Primer pair ESSF and ESSR and the template preparation, amplification conditions, and gel electrophoresis method described in Materials and Methods were employed. Lanes: M, molecular weight marker (GeneRuler DNA Ladder Mix; Fermentas, Hanover, Md.); 1 to 6, PCR products amplified from infant formula containing 10 3 to 10 Ϫ2 CFU/ml of E. sakazakii (ATCC 51329) after 8 h of enrichment; 7, control PCR run with uninoculated, reconstituted infant formula after 8 h of enrichment. 1 CFU/ml of serovar Typhimurium (corresponding samples on each of the lanes also contained 10 3 CFU/ml E. sakazakii); 9, control PCR run with infant formula containing 10 8 CFU/ml serovar Typhimurium alone. (27) . IAC is a critical component of diagnostic PCR methodologies, since it helps to distinguish negative responses due to the absence of target sequence in the reaction mixture from negative responses due to PCR inhibition resulting from a multitude of reasons, including thermal cycler malfunction, inefficient DNA polymerase activity, incorrect PCR mixture preparation, or the presence of PCR inhibitors in the reaction mixture (16) . In this study, we designed a competitive IAC template (6) in which both the target and IAC were amplified by the same primer set. Due to the competition by IAC for the primers, we have designed the IAC product to be larger than the target product (618 bp versus 469 bp) so as to drive the reaction kinetics towards the smaller, target DNA (6). Moreover, in order to prevent any potential reduction in PCR amplification efficiency due to this competitiveness, we have detected the lowest reproducible IAC concentration that did not interfere with amplification of the ompA target sequence from the different template preparations used in individual PCR experiments. Therefore, in PCR involving genomic DNA as the template, 2 fg of IAC template (corresponding to approximately 500 copies) was used in the reaction mixtures. At this concentration, owing to the competition, samples containing E. sakazakii genomic DNA yielded only the species-specific ompA product and not the IAC product. In this case, since the target DNA is present in proportionately higher concentrations than the IAC template, IAC amplification is unnecessary for validation of the results (6) . Moreover, the IAC product was amplified in all samples containing non-E. sakazakii DNA, ruling out false-negative results due to amplification failure in these samples. Similarly, in experiments to evaluate the sensitivity of E. sakazakii detection in reconstituted infant formula samples and in deionized water, 0.2 fg of IAC template (corresponding to approximately 50 copies) was used in the reaction mixtures. At this concentration, it was observed that the IAC product coamplified with the species-specific ompA product at template concentrations of 10 4 and 10 3 CFU/ml of E.
sakazakii in the samples derived from infant formula (10 5 , 10 4 ,10 3 , and 10 2 CFU/ml of E. sakazakii in deionized water). However, in samples containing E. sakazakii at levels higher than 10 4 CFU/ml (higher than 10 5 CFU/ml for E. sakazakii in deionized water), only the 469-bp species-specific product was amplified, not the IAC product, due to the competition for the primers. In samples containing E. sakazakii at levels below the detection limits of these PCR assays, only the IAC product was amplified ( Fig. 3 and 4) . The detection limits observed in these experiments were similar to those observed when PCR was carried out in the absence of IAC template (data not shown).
The sensitivity of PCR detection depends on the number of target nucleic acid copies present in the sample and the method of template preparation (23) . After 50 cycles, the PCR detected as few as 10 2 CFU of E. sakazakii/ml in sterile deionized water and 10 3 CFU/ml in reconstituted infant formula. When the experimentally inoculated formula preparation was boiled and used directly as the template, the detection limit was 10 4 CFU/ml (data not shown). Alternatively, when the inoculated formula was pelleted, resuspended in sterile distilled water, and boiled, and the supernatant taken after a brief (30 s), low-speed centrifugation (1,500 ϫ g) was used as the template, the PCR was able to detect as few as 10 3 CFU/ml. However, when the inoculated formula samples were enriched at 37°C for 8 h before being subjected to PCR, the sensitivity of detection was increased to 10 Ϫ1 CFU/ml, which is equivalent to 1 CFU of E. sakazakii/g of powdered infant formula.
The sensitivity of PCR may also be affected by high levels of nontarget, background microflora, wherein a simple inhibition of contact between primers, polymerase, and target DNA could result in reduced sensitivity (24) . Different formula preparations could have different indigenous microflora owing to the differences in ingredients and manufacturing protocols. Therefore, we used three different brands of commercially available infant formula preparations, from three different manufacturers, in our study. The detection limit of the PCR when applied to the reconstituted formula preparations containing E. sakazakii was found to not differ among the three brands. The inhibitory effect of background microflora on PCR sensitivity is especially important when the PCR assay is combined with an enrichment step, which could have a negative impact on the PCR due to a simultaneous increase in the number of background bacteria. To ascertain this, the reconstituted formula preparations were enriched at 37°C for 24 h, allowing the indigenous microflora to flourish, before inoculation with E. sakazakii. PCR carried out on such samples had the same level of sensitivity as with formula preparations inoculated with E. sakazakii immediately after reconstitution (data not shown). Moreover, our results also show that even in the presence of competing, nontarget bacteria such as serovar Typhimurium at levels as high as 10 8 CFU/ml, the sensitivity of the assay was not reduced (Fig. 6) . Serovar Typhimurium was chosen as the background bacterium because it is classified, along with E. sakazakii, as a category A organism that is encountered in infant formula and shows clear evidence of causing neonatal infections (27) . It is currently assumed that very low levels of E. sakazakii in infant formula (Ͻ3 CFU/100g) can lead to infection in neonates (27) . This PCR, in combination with an enrichment step, can be used to detect the presence of E. sakazakii at levels that violate the current microbiological VOL. 72, 2006 ompA-TARGETED PCR FOR RAPID DETECTION OF E. SAKAZAKII 2545 specification for coliform counts in powdered infant formula, as specified by the Codex Committee on Food Hygiene (fewer than 3 CFU/g).
